In this work, a bioactive glass was deposited on the alumina disk specimens by radio-frequency magnetron sputtering to study crystal formation ability in artificial saliva. Bioactive glass-coated specimens were immersed in artificial saliva for 1 week and 6 months. The specimens were observed with a scanning electron microscope (SEM) and the composition was determined by energy dispersive spectroscopy (EDS). The crystals that formed on the specimens were analyzed by Raman spectroscopic analysis and Micro-X-ray diffraction. SEM photomicrographs showed the formation of needle-like structures after immersion for 1 week, and tabular structures formed on the surface of the specimen for 6 months. EDS showed that both the needle-like and tabular structures were enriched with Ca and P. Raman and Micro-XRD spectra for the tabular structure showed peaks that may correspond to calcium phosphate. Thus, when immersed in artificial saliva, bioactive glass-coated alumina produced a crystal which might be calcium phosphate.
INTRODUCTION
Since Hench et al. 1) introduced the first bioactive glass, 45S5 (Bioglass TM ), various bioactive glasses have been investigated with regard to their unique biological properties, such as osteoinductive behavior, ability to bond to both soft and hard tissues, and their ability to form a hydroxyapatite layer 2, 3) . Bioactive glasses have been shown to spontaneously integrate with living bone through the prompt formation of bone-like apatite on their surfaces 2, 4) . On the other hand, few reports are available on the use of bioactive glass as a restorative material. To obtain bioactive restorative material, Yli-Urpo et al. 5) modified resin-modified glass ionomer cement (RMGIC) by adding bioactive glass (S53P4), and reported that RMGIC containing bioactive glass showed the formation of a uniform CaP surface on restorations and had good potential for clinically enhancing the mineralization of dentin in vivo. Hashimoto et al. 6) investigated the effect of the resin monomer composition on crystal growth by a resin containing bioactive glass (S53P4), and reported that crystal formation was a common behavior of resin containing bioactive glass in distilled water.
In clinical orthodontics, the formation of white spots has been increasingly reported in orthodontic patients due to the irregular surfaces of fixed orthodontic appliances (brackets) 7) , which create areas of stagnation for plaque, make tooth-cleaning more difficult, and limit natural self-cleaning mechanisms. This suggests that bioactive glass may be useful for enhancing the remineralization of enamel in clinical orthodontics. If the surface of fixed appliances is modified with a thin bioactive layer (coating), it may help prevent the demineralization of enamel and enhance the remineralization of etched enamel around fixed appliances in vivo; this idea has not been previously proposed.
The purpose of this study was to investigate the effect of a bioactive glass coating on crystal formation on the surface of alumina disk specimens, which are the most popular material for esthetic fixed appliances in clinical orthodontics. We hypothesized that a bioactive glass coating would have no effect on crystal formation. This is the first study to investigate crystal formation on a bioactive glass-coated orthodontic material.
MATERIAL AND METHODS

Sample preparation, coating procedure, and immersion in artificial saliva
Commercially available alumina disk specimens 6 mm in diameter and 1 mm thick were mechanically polished and cleaned ultrasonically with acetone and alcohol. Thin films of a bioactive glass (45.0% SiO 2+24.5% Na2O+24.5% CaO+6.0% P2O5) were deposited on the alumina disk specimens by RF (radio-frequency) magnetron sputtering (RF500F, Osaka Vacuum, Osaka, Japan) 8, 9) . The bioactive glass was prepared by melting the raw materials in a platinum crucible at 1,450ºC, followed by grinding to give a particle diameter of about 100 µm. The bioactive glass powder was cold-pressed to make the sputtering target. The base pressure in the sputtering chamber was 1×10 −3 Pa and the RF sputtering process was carried out under an Ar atmosphere. The RF power for the bioactive glass target was 200 W and the deposition time was kept constant at 60 min. Fig.1 SEM photomicrographs of (a) non-coated and (b) bioactive glasscoated specimens after immersion in artificial saliva for 1 week. glass thickness was approximately 200 nm, measured during deposition with a quartz thickness monitor. Non-coated alumina disks were used as control specimens. Both alumina disk specimens (bioactive glass-coated, non-coated) were immersed individually in a plastic vial with 5 mL of artificial saliva at 37ºC for 1 week and 6 months without stirring (n=5) and the solution was changed every week. Composition of artificial saliva was similar to that used by previous study (NaCl, 0.4 g; KCl, 0.4 g; CaCl 2•2H2O, 0.795 g; NaH2PO4•2H2O, 0.78 g; Na2S•9H2O, 0.005 g; NH2CONH2, 1.0 g; distilled water, 1,000 mL) 10) and the pH was adjusted to 6.75 with KOH.
Scanning electron microscopy (SEM) and Energy dispersive spectroscopy (EDS)
Representative non-immersed and immersed specimens (both bioactive glass-coated and non-coated) were sputter-coated with pure gold and the surfaces were examined by two SEM (S-3500N, Hitachi, Tokyo, Japan; SSX-550, Shimadzu, Kyoto, Japan) operating at 15 kV. The compositions of the immersed specimens (6 months) were determined by EDS analysis (SSX-550, Shimadzu) with a working distance of 15 mm.
Raman spectroscopic analysis
Crystals that formed on the disk surfaces were analyzed by Raman spectroscopy (NR-1800, Nihon Bunkou, Tokyo, Japan). The focus for each point analyzed was provided by the X-Y-Z stage of an optical microscope.
The specimens were examined with argon ion laser excitation at 514.5 nm at the focus of the microscope objective (40×). The output power was 200 mW and the laser beam was approximately 2 µm in diameter. Raman spectra were obtained in the 300-900 cm −1 range with 10 repetitions and an integration time of 4.0 s.
Micro-X-ray Diffraction (Micro-XRD)
The specimens before and after immersion in artificial saliva and the crystals that formed on the surfaces were analyzed by Micro-XRD (Micro-XRD; Rint-2000, Rigaku Corp., Tokyo, Japan). Micro-XRD analyses were performed with Cu Kα radiation at 40 kV and a tube current of 300 mA. The specimens were oscillated from 0° to +15° about the χ-axis and rotated from −120° to +120° about the φ-axis to minimize the effect of a preferred orientation. The locations of these axes are shown in previous publications that describe the Micro-XRD technique 11, 12) . A collimator 50 µm in diameter was used to establish the dimensions of the analysis area. The diffracted X-rays were detected by a position-sensitive proportional counter (PSPC), and the measurement time for scanning over the diffraction angle (2θ) from 10° to 90° was 10 min.
RESULTS
Representative SEM photomicrographs of non-coated (control) and bioactive glass-coated specimens after immersion in artificial saliva for 1 week and 6 months Fig. 3 Compositional maps depicting the distributions of individual elements in a non-coated specimen after immersion in artificial saliva for 6 month obtained by EDS. Fig. 4 Compositional maps depicting the distributions of individual elements in a bioactive glasscoated specimen after immersion in artificial saliva for 6 months obtained by EDS.
are shown in Figs. 1 and 2 , respectively. The formation of the needle-like structures was observed on the surface of bioactive glass-coated specimens after immersion for 1 week. During immersion for 6 months, tabular structures were formed on the surface of bioactive glasscoated specimens, in addition to needle-like structures. SEM photomicrographs and qualitative compositional maps obtained by EDS of the surfaces of both non-coated and bioactive glass-coated specimens after immersion for 6 months are shown in Figs. 3 and 4 . The non-coated specimen was enriched with Al and Si, and this may correspond to alumina. On the other hand, the surface of the bioactive glass-coated specimen was enriched with Ca and P after immersion for 6 months. Figure 5 shows Raman spectra obtained from the surface of a non-coated specimen before and after immersion in artificial saliva, a bioactive glass-coated specimen before immersion and the tabular structure formed on a bioactive glass-coated specimen after immersion for 6 months. Peaks at 377 cm −1 , 415 cm −1 , 642 cm −1 and 745 cm −1 were observed in all of the spectra, except for the spectrum obtained for the tabular structure formed on the bioactive glass-coated specimen after immersion. These peaks correspond to alumina 3) . New peaks at 517 cm −1 , 875 cm −1 and 986 cm −1 were observed for the tabular structure formed on the bioactive glass-coated specimen after immersion.
Representative micro-XRD patterns at 2θ diffraction angles between 10° and 80° from the surfaces of noncoated and bioactive glass-coated specimens are shown in Fig. 6 . The patterns for both specimens contained 10 peaks, which could be indexed to the 104, 110, 113, 024, 116, 211, 018, 214, 300 and 119 crystal planes of alumina. Representative micro-XRD patterns at 2θ diffraction angles between 10° and 80° from the surfaces of non-coated and bioactive glass-coated specimens after immersion in artificial saliva for 6 months are shown in Fig. 7 . All of the peaks obtained for the surface of non-coated and bioactive glass-coated specimens after immersion for 6 months corresponded to alumina. The micro-XRD pattern obtained from the tabular structures formed on the bioactive glass-coated specimen showed three peaks, which could be corresponded to β-tricalcium phosphate (β-TCP) [ 
DISCUSSION
An important finding in the present study was that needle-like structures that were enriched with Ca and P were formed on the bioactive glass-coated alumina specimen after immersion in artificial saliva for one week, and this result is consistent with a previous finding for RMGIC containing bioactive glass 5) . In addition, tabular structures were formed on the surface of bioactive glass-coated specimens with long-term immersion (6 months), and these structures were similarly composed of Ca and P. These calcification products originating from both bioactive glass and artificial saliva could be formed in the oral environment clinically, and may help prevent the demineralization of enamel and promote the remineralization of etched enamel around a fixed appliance.
The Raman spectra from the tabular structure formed on the bioactive glass-coated specimen after immersion in artificial saliva for 6 months showed new peaks at 517 cm −1 , 875 cm −1 and 986 cm −1 , and these peaks were not observed with a non-coated specimen. The peak observed at 986 cm −1 might correspond to calcium phosphate (DCPD or β-TCP) 14) , which is a precursor of hydroxyapatite (HAP). The micro-XRD spectra from the surface of the bioactive glass-coated specimen after immersion in artificial saliva for 6 months showed only the peaks for bulk alumina; thus, the needle-like structure was not thick enough for identification by micro-XRD analysis. On the other hand, the micro-XRD pattern obtained from the tabular structures formed on a bioactive glass-coated specimen showed three peaks and confirmed that they consisted of β-TCP, DCPD or TCP.
Fluoride plays an important role in the prevention of demineralization during orthodontic treatment, and mouth rinses that contain fluoride solutions are recommended in addition to daily tooth-brushing. However, the use of a mouth rinse to help prevent the demineralization of enamel requires cooperation by the patient, which is sometimes difficult, especially for young patients. To help prevent enamel demineralization, manufacturers are modifying orthodontic adhesives to increase fluoride release. Over the past decade, RMGIC and composite resin adhesive with fluoride-releasing ability have been developed [15] [16] [17] and the cariostatic potential of adhesives adjacent to brackets has been investigated both in vitro [18] [19] [20] and in vivo [21] [22] [23] . Although bracket bonding adhesives such as RMGIC and composite resin with fluoridereleasing ability are useful for reducing the risk of demineralizing enamel clinically, the amount and durability of released fluoride may be limited, since the area of exposed adhesive between the enamel and bracket base is extremely thin 24) . On the other hand, an orthodontic bracket has a large surface area exposed to the oral environment and may serve as a source of mineral supply to enhance the remineralization of enamel if the surface is successfully modified by bioactive glass. Therefore, it is possible that a bioactive glass coating for alumina may be useful for the manufacture of new brackets that can prevent caries.
Since the mid-1970s, a variety of surface-modification techniques, including plasma ion implantation 25, 26) , a sol-gel process 27) , and sputter coating 28) , have been introduced. The advantages of sputter coating are that it produces a stable, dense, adherent and homogeneous thin film on the substrate, although the deposition rate is slow. RF magnetron sputtering is a powerful technique for the deposition of thin films 8, 9) . Amplified magnetron sources are used to increase the ionization ratio of sputtered element species to avoid a shadowing effect during thin-film deposition on complex substrates, and the RF power supply coil serves to amplify the magnetron plasma 8, 9) . In the present study, RF magnetron sputtering was used to modify alumina disk specimens with bioactive glass. Further studies will be needed for depth-profiling using X-ray photoelectron spectroscopy and for the analysis of mechanical properties using a nanoindentation test on a bioactive glass-coated layer.
CONCLUSIONS
Under the conditions in this study, the following conclusions can be drawn: Bioactive glass coating influenced crystal formation on the surface of alumina disk specimens in artificial saliva solution. These crystals formed on the bioactive-coated alumina consisted of calcium phosphate such as β-TCP, DCPD or TCP.
